Silica flour is used to mitigate the strength retrogression and microstructure degradation problems of oil well cement paste in high temperature wells. This study investigates the effects of the particle size distribution of silica flour on the thermal stability of cement paste. After 7 days of hydrothermal curing at 80 °C, the cement paste was exposed to further aging for 7 or 28 days under high temperature and high pressure (HTHP) 
INTRODUCTION
In the petroleum industry, crude oil is continuously extracted from oilfields through oil wells. The performance of an oil well over its entire life is closely related to the integrity of the cement sheath [1] . As shown in Figure 1 , the cement sheath formed between the casing and the formation is crucial for the well zonal isolation [2, 3, 4] . For cementing high temperature wells, silica is usually incorporated into oil well cement (OWC) slurry with the aim of mitigating the strength retrogression of hardened cement paste at 110 °C (230 °F) or higher temperatures [5] . Without silica incorporation, the deteriorative transformation of the calcium silicate hydrate (C-S-H) gel phase formed in the hydrated cement paste to α-dicalcium silicate hydrate (α-C 2 SH) leads to a sharp strength decline [6] [7] [8] . When silica flour is added into the cement paste to reduce the lime-to-silica (Ca/Si) ratio of hydration products, more thermally stable phases, such as 14 Å tobermorite and xonotlite, will be formed and mitigate the strength degradation under HTHP conditions [5] . According to previous research, when the Ca/ Si ratio is approximately 1.0 and the temperature is above 150 °C (302 °F), the main hydration product is xonotlite [1, 5, 8] .
Xonotlite is a type of crystalline phase transformed from precursor 11 Å tobermorite at approximately 140 °C (284 °F) [9] [10] [11] . It is an excellent heat-insulation material formed after hydration of tricalcium silicate at 200 °C and 600 bar for 4 days with silica addition (water/ cement = 0.55; cement/silica = 1.5) [12, 13] . Black et al. investigated the influence of synthesis conditions on the structure and morphology of xonotlite. They reported that a high synthesis temperature (250 °C) and a longer hydrothermal treatment duration (two weeks) will contribute to perfect xonotlite morphology [14] . Hsiang et al. explored the effect of the prereaction temperature (40, 60 and 80 °C) on the crystallization, microstructure and formation of xonotlite. Their conclusion was that the prereaction temperature had no influence on the formation of xonotlite [9] . Liu et al. studied the effect of the concentration of Na + on the crystalline phase composition and morphology of xonotlite in the CaO--SiO 2 -H 2 O system. The conclusion was that the content of Na 2 O in raw material should be greater than 5 wt. % [15] .
Nanosilica is used in cement paste to mitigate HTHP strength deterioration problems, but it does not perform well under HTHP conditions [16] . The low incorporation of nanosilica also limits the application of this material in long aged set cement because of the insufficient silica source for continuous pozzolanic reaction, resulting in less C-S-H gel being generated in this reaction to combat strength degradation at HTHP. The pozzolanic reaction is reported to characterize the reaction among pozzolans, such as silica flour, calcium hydroxide, generated from the hydration of clinker C 3 S and C 2 S, and water, as described by Equations 1-3 [17] . Silica flour is promising in this field for high substitution of cement up to 35 % BWOC, while research focused on the influence of the particle size of silica flour on OWC paste is very scarce [3, 4, 7] .
The size of silica influences the pozzolanic reaction and the solution of silica in the OWC slurry. Nanosilica promotes pozzolanic interaction between nanosilica and calcium hydroxide to produce large amounts of amorphous C-S-H gel, fills pores among the C-S-H gel and acts as the center of crystal formation of hydrated cement [18, 19] . Fine silica flour, with a high rate of solution, results in the formation of a high strength and low permeability phase (xonotlite), while course silica leads to a low strength and high permeability phase (kilchoanite) [20] .
The cited studies contain important information, but additional analysis can contribute further. Therefore, a more systematic study is necessary using various measurements, such as XRD, MIP, TG/DTG and SEM/ EDS. This study investigated the effects of the particle size of silica, the addition of silica and the curing time on SSPC at HTHP.
EXPERIMENTAL Materials
API Class G OWC was obtained from Shandong Shengwei Enterprise Company (Linqu, China). Table 1 shows the chemical composition determined using the X-ray fluorescence (XRF) method and the mineral composition calculated using Bogue's equation [21] . Three classes of silica flour (labeled S1, S2 and S3) were supplied by the Fengyang Tengfei quartz sand factory (Anhui, China). The antifoaming agent used for the purpose of removing bubbles generated in the process of agitating cement pastes was commercially available tributyl phosphate. Figure 2 shows the particle size distribution of OWC and silica flour, as measured using a laser diffraction particle size analyzer (Microtrac S3500, US). The median particle sizes (d 50 ) of OWC, S1, S2 and S3 are 15.16 µm, 63.13 µm, 48.25 µm and 3.25 µm, respectively. Table 2 shows the mix proportions of the "silicastabilized" cement pastes. S1-S3 at 11-67 % BWOC were incorporated into the paste. OWC pastes with S1-S3 addition with different concentrations of silica, 11 %, 25 %, 43 % and 67 % BWOC, were prepared, as was the standard slurry (S0) composed of water, OWC and defoamer.
Synthesis of pastes
All pastes were added to 0.25 ml antifoaming agent (tributyl phosphate) and then mixed by a Chandler 3260 mixer, based on the specific norm for cementing oil wells [22] . After completion of the slurry, it was poured ) for curing for the designated time. To simulate the down-hole conditions of well cementing, the formulations in Table 2 were evaluated in two distinct scenarios under laboratory conditions: (a) initial hydrothermal curing in a water bath at 80 ± 0.5 °C for 7 days and (b) HTHP curing in an autoclave chamber at 260 ± 10 °C × 21 ± 1 MPa for 7 days and 28 days. In the HTHP scenarios, the specimens were heated from room temperature to 260 °C at a heating rate of 20 °C/h. The pressure in the autoclave chamber was controlled by the decompression valve and booster pump to reach a stable value of 21 ± 1 MPa. After this stage, specimens were removed from the autoclave chamber after naturally cooling to 80 ± 10 °C (the suitable temperature to open the autoclave chamber), and the pressure decreased to the ordinary pressure.
Characterizations
Compression tests were performed on three specimens of each slurry under the two scenarios on a universal mechanical testing machine (Hualong WHY-200, China) according to the American Petroleum Institute procedure [23] .
The samples for XRD and thermogravimetry analyses were initially ground into powders and then dried at 60 °C for 4 hours before testing. X-ray diffraction patterns were collected on a diffractometer (Rigaku D/ MAX-RB, Japan) using Cu Kα radiation, a voltage of 40 kV and a current of 30 mA. The scanning angle ranged from 5 to 80°/2θ, with a scanning rate of 10°/min. TG/DTG was conducted on a thermobalance (DSC1, Switzerland) under 30 ml min -1 air from room temperature to 800 °C at a heating rate of 10 °C/min.
The samples were crushed for microstructure and pore structure analyses. Before testing, they were dried at 60 °C for 4 hours. This drying temperature (60 °C) was thought to have little effect on the pore structure, which is important for maintaining the microstructure and pore structure during the drying process [24] . SEM/EDS analyses were carried out on a scanning electron microscope (JSM 6510, Japan) with a voltage of 15 kV. Pore structure tests were conducted using a mercury intrusion porosimeter (PoreMaster GT-60, US). The intrusion pressure ranged from 7.6 × 10 −3 MPa (1.1 psi) to 206.6 MPa (29964.7 psi).
RESULTS AND DISCUSSION

Compressive strength
The compressive strengths of the OWC pastes as a function of the silica content and particle size are shown in Figure 3 . Figure 3 shows the compressive strengths of cement pastes after 7 days of curing at 80 °C. As shown in Figure 3a , the compressive strength of cement pastes decreases as the proportion of silica flour S1 and S2 increases, in contrast to the samples with silica flour S3 addition, which present higher strength even than the standard sample (S0) at a low incorporation (11 and 25 % BWOC). The reason for this phenomenon may be the small particle size of silica flour S3, which means a larger specific surface than silica flour S1 and S2 for the pozzolanic reaction between silica flour and calcium hydroxide, leading to more production of C-S-H gel to generate strength [17] . In addition, the compressive strength of samples is observed to progressively increase at the respective substitutions as the particle size of the silica flour becomes finer (from S1 to S3). This result suggests that large-size silica flour participates in the pozzolanic reaction to a very low degree and does not effectively decrease the lime-to-silica ratio at 80 °C. Figure 4 shows the compressive strengths of cement pastes after 7 days of curing at 260 °C and 21 MPa. The compressive strength of the standard sample declines 92.5 % from the condition of 80 °C (34.18 MPa) to that of 260 °C (2.56 MPa) at the same curing time (7 days). This phenomenon is referred to as strength retrogression, which occurs above 110 °C and intensifies with increasing temperature [17] . This decrease in strength is due to the adverse effect of high temperature on the Portland cement hydrated products, resulting in strength retrogression [5] . The anti-retrogression performance of silica flour in cement paste is completely different at low and high incorporation. Marginal increases compared with the standard sample (S0) are observed in the compressive strengths of the 11 and 25 % BWOC silica flour-incorporated samples, while those of the 43 and 67 % BWOC silica flour-modified samples display remarkable increases, because insufficient silica flour substitution in cement does not provide a sufficient silica source for mitigating the strength decline. The addition of silica flour (S1-S3) with 3.25 -63.13 µm median particle sizes effectively mitigates the strength [25] . In the previous literature, 35 % BWOC was recommended as the optimal incorporation of silica flour, suggesting that values above this one lead to worse strength degradation-combating effects, which is consistent with the results of the samples with silica flour S1 and S3 incorporation but not with those of the sample modified with silica flour S2 [26, 27] . To further evaluate the abnormal phenomena, we prolonged the curing time to 28 days for samples with 67 % BWOC silica flour S2 incorporation. The compressive strengths of samples exposed to 28 days of HTHP curing are shown in Figure 3c . Comparing the compressive strengths of the samples in Figures 3c and 3b subjected to 260 °C and 21 MPa between 28 days and 7 days, the strengths of the samples with 43 % BWOC silica flour S1, S2 and S3 incorporation decrease 4.8 %, 11.6 % and 22.6 %, respectively. This result indicates that the optimal particle size of silica flour should be 63.13 µm (median particle size of S1), which is coarser than the universally adopted 325 mesh (45 µm) [1, 8, 26, 27] , suggesting that very fine silica flour may not be a good choice for the anti-retrogression performance of cement slurry in the HTHP environment. The samples with 43 % and 67 % BWOC silica flour S2 incorporation show 11.6 % and 31.8 % compressive strength loss after curing at HTHP from 7 to 28 days because the higher silica flour amounts exceed the amount required for the reaction [28] . Figure 4 depicts the DTG curves and mass loss fractions obtained for samples cured under 80 °C hydrothermal conditions for 7 days as a function of the different particle sizes of silica flour. Three significant peaks can be observed in Figure 4a , which represent three dehydration reactions: removal of physically and chemically bound water from the formed gel structure (< 250 °C), dehydration of calcium hydroxide (400 -500 °C) and decomposition of calcite (CaCO 3 ) into CaO and CO 2 (600 -700 °C) [29] .
Mineral composition
As indicated in Figure 4b , the mass loss fractions of the first and second peaks increase and decrease, respectively, with the particle size of the silica flour becoming finer (from S1 to S3). This result suggests that the addition of fine silica flour leads to the formation of an additional gel phase because calcium hydroxide is consumed in the pozzolanic reaction to generate the C-S-H phase. This observation agrees well with our previous speculation that the pozzolanic reaction occurs in pastes with low incorporation of silica flour at 80 °C. The mass loss fraction between 600 and 700 °C is assigned to the decomposition of calcite. The mass fraction of calcite decreases as the particle size of the silica flour becomes finer, indicating that more calcium is released from the decomposition reaction to the solution for the formation of the gel phase [30] . The XRD patterns of samples exposed to 80 °C for 7 days are shown in Figure 5 . Two strong diffraction peaks are observed. The one at 2θ = 18.1° is the main peak of portlandite, and the other at 26.7° is that of quartz. The intensity of the major peak located at 18.1° decreases as the particle size of the silica flour becomes finer, suggesting that silica flour of small particle size is better than large-size silica flour for consumption of portlandite in the pozzolanic reaction to generate more gel phase. This result is consistent with our previous TGA results. Figure 6 compares the XRD patterns of the samples with silica flour incorporation and the standard sample cured at 260 °C and 21 MPa from 7 days to 28 days. Figure 6a shows the XRD patterns obtained from samples after 7 days of curing at HTHP. Xonotlite is observed in samples 43S3 and 67S2, which is thought to be a prominent C-S-H phase at high temperature (150 °C) [31] . The following phases are observed in both S0 and 43S1: portlandite and quartz. The appearance of portlandite and quartz peaks in sample 43S1 indicates that the pozzolanic reaction has not been completed, in contrast to the disappearance of these peaks in sample 43S1 after curing for 28 days at HTHP (Figure 6b ). The dicalcium silicate phase in sample 43S1 is probably of the γ-dicalcium silicate type. This phase was formed from β-dicalcium silicate, the most important component of Portland cement, reacting with H 2 O under hydrothermal conditions. The γ-dicalcium silicate hydrate decomposed to form reinhardbraunsite and kilchoanite as the reaction proceeded, which is consistent with the kilchoanite trace in the same sample 43S1 [35] . The kilchoanite phase has been frequently encountered in the evaluation of cement paste with the addition of coarse silica flour at elevated temperatures [20] . The feature of the reinhardbraunsite phase in the standard sample (S0) agrees well with the results given by De Sena Costa et al. in terms of their XRD analysis of a standard sample submitted to a thermal cycle at 300 °C [5] .
As shown in Figure 6a , the phase compositions of the samples modified with silica flour change to nearly all xonotlite phase as the silica flour becomes finer, transforming from a low strength and high permeability phase, such as kilchoanite and dicalcium silicate hydrate, and a large amount of unreacted quartz and portlandite to a high strength and low permeability phase (xonotlite) [32] [33] [34] . This result indicates that fine silica flour was consumed at a higher rate than course silica flour and accelerates the pozzolanic reaction.
The mineralogical compositions of the 28 day HTHP curing samples analyzed by XRD are shown in Figure 6b . Only the xonotlite phase is observed in the four samples, and the residual quartz in sample 67S2 occurs because of the addition of too much silica flour. Interestingly, the intensity of the peak at 25.5° increases to the highest for sample 43S2 as the particle size of the silica flour in the cement pastes becomes finer (S1 to S3). This observation indicates that the crystallinity of xonotlite on the (002) crystal plane (corresponding to the 25.5° diffraction angle of xonotlite) is influenced by the silica flour particle size. Krakowiak et al. reported similar phenomena for tobermorite (a precursor of xonotlite) in silica flour-stabilized cement as the hightemperature hydrothermal curing duration increased from 1 week to 6 months [27] .
Pore structure analysis
The pores in the samples are classified into three classes: gel pores (< 0.01 μm), formed between the C-S-H gels; medium capillary pores (0.01 -0.05 μm); and large capillaries (0.05 -10 μm) [26, 27] . The pore evolution determines the performance of different size silica flour in OWC pastes. The pore results collected from samples cured under HTHP for different times are presented in Figure 7 .
As shown in Figure 7a and 7b, the pores of sample 43S1 remarkably decreased, while those of samples 67S2 and 43S3 were maintained at a very low level as the curing was prolonged. This result occurred due to the proceeding of the pozzolanic reaction of sample 43S1 during the period of 7 days to 28 days, while samples 67S2 and 43S3 had completed this reaction within 7 days. This finding agrees with the previous XRD results. Figure 7c and 7d displays the pore size distribution of samples after 7 and 28 days of curing at HTHP. Samples 43S2 and 67S2 have similar pore size distributions (see Figure 7d) , meaning that the amount of silica flour does not affect the pozzolanic reaction of SSPC at HTHP. Table 3 gives the detailed results for Figure 7c and 7d. The total porosity of sample 43S1 decreases 16.2 %, while those of samples 67S2 and 43S3 present slight fluctuations. This phenomenon is the result of the pozzolanic reaction in sample 43S1, forming a large amount of C-S-H gel for transformation to the xonotlite phase, which is stable at high temperatures [36, 37] . This result is consistent with the XRD results, which detected the xonotlite phase in sample 43S1. The pore structure of the SSPC is dependent on the silica flour particle size. Comparing the pore structures of each sample in Table 3 from 7 to 28 days, they present an increasing trend in the porosity of medium capillary pores and a decreasing trend in the porosity of large capillary pores. This phenomenon can be attributed to the pozzolanic reaction of silica flour and calcium hydroxide, in which the portion of silica flour in contact with calcium hydroxide is consumed, leaving pores on the silica flour surface. The C-S-H gel generated in the pozzolanic reaction fills the interstices of cement and silica flour particles, decreasing the large capillaries. Figure 8 presents SEM images of samples 43S1, 43S2 and 43S3 and the obtained EDS results. The 43S1 sample displays a larger pore structure than the 43S3 sample, which is consistent with the previous MIP results. Samples 43S2 and 43S3 are similar in microstructure, while sample 43S3 exhibits more whiskers than sample 43S2. The elemental characterization of the whiskers in the SEM images was performed through EDS analysis, and the results are listed in Figure 8d . According to the EDS results shown in Figure 8d , the Ca/Si ratio of whiskers in samples 43S2 and 43S3 is in the range of 1.2 -1.4, which indicates the same composition for the two samples [38] . Such results confirm the previous XRD results, which show that this phase is xonotlite.
SEM-EDS analysis
CONCLUSIONS
This study investigated the effects of the particle size distribution of silica flour on the thermal stability of SSPC under HTHP conditions. The following conclusions can be drawn:
• The addition of ultrafine silica flour (3.25 µm) promoted the compressive strength development of SSPC paste during the initial curing stage. The addition of silica flour (48.25 µm and 63.13 µm) mitigated the compressive strength degradation of SSPC paste during further HTHP aging.
• Ultrafine silica flour (3.25 µm) can react with calcium hydroxide in cement paste cured at 80 °C. After 7 days of initial curing, ultrafine silica flour is completely consumed during the hydration of cement paste. When the further aging temperature is 260 °C, the addition of silica (3.25 and 48.25 µm) leads to the formation of xonotlite in SSPC. In addition, the crystallization of xonotlite in SSPC on the (002) crystal plane is unexpectedly influenced by the size of the silica, and 48.25 µm silica presents better performance than the other size silica.
• The incorporation of coarse silica flour (d 50 = 63.13 µm) into the cement paste is helpful in maintaining the compactness of the pore structure during 28 days of high-temperature curing. The internal large pores in SSPC are partially filled in, forming medium capillaries, as the hydration reaction or pozzolanic reaction proceeds. 
